T he acute cardiorenal syndrome (type 1) is defined as worsening renal function in patients with acute decompensated heart failure. 1 It occurs in 25 to 33% of patients with acute decompensated heart failure and is associated with poor outcomes. 1, 2 Multiple processes contribute to the development of the acute cardiorenal syndrome, including extrarenal hemodynamic changes, neurohormonal activation, intrarenal microvascular and cellular dysregulation, and oxidative stress. 1 In some cases, intravenous diuretics, which are often administered in patients with acute decompensated heart failure, 3 may directly contribute to worsening renal function. 1, 4, 5 The use of diuretics to treat persistent congestion after the onset of worsening renal function may lead to further kidney injury.
Venovenous ultrafiltration is an alternative therapy in this setting. Potential advantages of ultrafiltration include greater control over the rate and volume of fluid removal, greater net loss of sodium, and less neurohormonal activation. 6 Current treatment guidelines state that ultrafiltration is a reasonable approach in patients with congestion that is not responding to medical therapy (class IIa, level of evidence B). 3 However, little is known about the safety and efficacy of ultrafiltration as compared with pharmacologic therapy in patients with acute decompensated heart failure complicated by acute cardiorenal syndrome and persistent congestion. 4 Therefore, we designed the Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) to compare the effect of ultrafiltration with that of stepped pharmacologic therapy on renal function and weight loss in patients with heart failure who have worsening renal function and persistent congestion. 7 
Me thods

Study Oversight
The National Heart, Lung, and Blood Institute (NHLBI)-sponsored Heart Failure Network conceived, designed, and conducted the CARRESS-HF. The trial protocol was approved by a protocol review committee and a data and safety monitoring board, both appointed by the NHLBI, and by the institutional review board at each participating site. All study-related activities, including the collection and analysis of the data, were coordinated by the data coordinating center at the Duke Clinical Research Institute. The first draft of the manuscript was written by the first author, and the final draft was revised, reviewed, and approved by all the authors. All the authors assume responsibility for the overall content and integrity of the article. The authors, steering committee, and executive committee of the Heart Failure Network made the decision to submit the manuscript for publication and vouch for the data and analysis and for the fidelity of this report to the study protocol (which is available with the full text of this article at NEJM.org). CHF Solutions (Brooklyn Park, MN) provided limited financial support for the purchase of ultrafiltration filters but had no role in the conduct of the trial, analysis of the data, or interpretation of the results. No data or draft of the manuscript was shared with CHF Solutions before publication.
Study Design
The design of and rationale for the trial have been described previously. 7 The CARRESS-HF was a randomized trial that compared ultrafiltration with a strategy of diuretic-based stepped pharmacologic therapy. Patients who were hospitalized with acute decompensated heart failure as the primary diagnosis were eligible for enrollment. There was no exclusion criterion that was based on ejection fraction. All patients had worsened renal function (defined as an increase in the serum creatinine level of at least 0.3 mg per deciliter [26.5 μmol per liter]) within 12 weeks before or 10 days after the index admission for heart failure. All patients were required to have at least two of the following conditions at the time of randomization: at least 2+ peripheral edema, jugular venous pressure greater than 10 cm of water, or pulmonary edema or pleural effusion on chest radiography. Patients with a serum creatinine level of more than 3.5 mg per deciliter (309.4 μmol per liter) at the time of admission and those receiving intravenous vasodilators or inotropic agents were excluded from the study. A complete list of the trial inclusion and exclusion criteria is provided in the Supplementary Appendix, available at NEJM.org.
All study participants provided written informed consent before randomization. With the use of an automated Web-based system, patients were randomly assigned, in a 1:1 ratio, to either ultrafiltration therapy or pharmacologic therapy. A permuted-block randomization scheme was used, with stratification according to clinical site.
For patients assigned to ultrafiltration therapy, loop diuretics were to be discontinued for the duration of the ultrafiltration intervention. Fluid status was managed by means of ultrafiltration with the use of the Aquadex System 100 (CHF Solutions) according to the manufacturer's specifications. Ultrafiltration was performed at a fluid-removal rate of 200 ml per hour. The addition of intravenous vasodilators or positive inotropic agents after randomization was prohibited unless they were deemed to be necessary as rescue therapy.
For patients assigned to stepped pharmacologic therapy, intravenous diuretics were used to manage signs and symptoms of congestion. Investigators were encouraged to decrease doses, increase doses, or continue current doses of diuretics as necessary to maintain a urine output of 3 to 5 liters per day. Recommendations regarding the use of intravenous vasodilators and inotropic agents for patients in whom the target urine output could not be attained were based on the individual patient's blood pressure, ejection fraction, and the presence or absence of right ventricular failure at 48 hours. The details of the stepped pharmacologic-therapy algorithm are provided in the Supplementary Appendix.
In both groups, the assigned treatment strategy was to be continued until the signs and symptoms of congestion in the patient were reduced to the best extent possible. Crossover was discouraged. Diuresis or ultrafiltration could be slowed or temporarily discontinued to address technical problems or clinical care requirements, as determined by the treating physician.
Trial End Points
The primary end point was the change in the serum creatinine level and the change in weight, considered as a bivariate response, between the time of randomization and 96 hours after randomization. 7 The use of a bivariate primary end point (in which the change in serum creatinine level and the change in weight are considered simultaneously, with the results displayed on a twodimensional grid) was intended to allow for the integration of two clinically important outcomes. 8 Secondary end points included the rate of clinical decongestion and measures of global well-being and dyspnea. Clinical decongestion was defined as jugular venous pressure of less than 8 cm of water, no more than trace peripheral edema, and the absence of orthopnea. Global well-being and dyspnea were assessed with the use of a visualanalogue scale that ranged from 0 to 100, with higher scores indicating greater well-being and less severity of dyspnea, respectively. 9 A complete listing of secondary end points is provided in the Supplementary Appendix.
Statistical Analysis
On the basis of data from the Ultrafiltration versus Intravenous Diuretics for Patients Hospitalized for Acute Decompensated Congestive Heart Failure (UNLOAD) trial, 10 the standard deviation of the change in weight at 96 hours was estimated to be 3.1 to 3.5 kg (6.8 to 7.7 lb), and the standard deviation of the change in the creatinine level at 96 hours was estimated to be 0.55 to 0.75 mg per deciliter (48.6 to 66.3 μmol per liter). We estimated that with enrollment of 200 participants, the study would have more than 90% power to detect a difference of 0.5 SD between the treatment groups for each component of the bivariate primary end point.
The primary analyses were based on the intention-to-treat principle. Baseline characteristics are presented as means and standard deviations or medians and interquartile ranges. The response of each patient with respect to the bivariate primary end point was displayed on a two-dimensional grid representing changes in the creatinine level and changes in weight 96 hours after randomization. For the comparison of treatment groups in the primary analysis, we used a multivariate linearregression model, adjusting for baseline weight and creatinine level. 7 A 95% confidence region (an ellipse) for the mean bivariate response (change in creatinine level and change in weight) in each treatment group and for the average betweengroup difference in the bivariate response was identified with the use of the multivariate linearregression model framework. 8, 11 The primary analysis was based on results of creatinine testing performed at the core laboratory, when those were available; otherwise, the results of testing performed at local laboratories were used. Body weight was measured by research personnel with the use of a locally available scale. Site personnel were encouraged to use the same scale for all patients whenever possible (and otherwise, the same scale for all weight assessments of a particular patient) and to weigh patients in the morning before breakfast, with patients wearing hospital gowns and no shoes. In the case of patients for whom 96-hour data were missing owing to death or early discharge from the hospital (13 patients in each treatment group), the last-observation-carried-forward method was used for imputation of data on creatinine level and weight. Two patients who were randomly assigned to ultrafiltration were not included in the primary end-point analysis owing to missing baseline data on creatinine level (1 patient) or lack of all post-baseline data on creatinine level (1 patient). Cumulative event rates for secondary end points involving time-to-event data were estimated with the use of the Kaplan-Meier method. 12 Hazard ratios, their 95% confidence intervals, and P values for the comparison of the two treatment groups were determined with the use of the Cox regression model. Table 1 . The median age of the population was 68 years, 75% of the patients were men, 85% had hypertension, and 66% had diabetes mellitus. The median ejection fraction was 33%. A total of 77% of the patients had been hospitalized for heart failure during the previous year. The median time from the index hospital admission (the admission qualifying the patient for enrollment in the study) to random assignment to a treatment group was 34 hours. The qualifying serum creatinine value was obtained after admission to the hospital in 95% of the participants. The median qualifying increase in the creatinine level was 0.45 mg per deciliter (39.8 μmol per liter).
Study Treatments
All 94 patients in the pharmacologic-therapy group received intravenous diuretics. The median duration of the stepped pharmacologic-therapy intervention was 92 hours (interquartile range, 56 to 138). The primary reasons that stepped pharmacologic therapy was discontinued were the following: the best possible fluid volume was reached (72% of the patients), the creatinine level was increased (12%), there was evidence of intravascular volume depletion (3%), and blood pressure dropped or clinical instability developed (2%). Six participants (6%) in the pharmacologictherapy group underwent ultrafiltration during the first 7 days (two of whom underwent ultrafiltration before the primary end-point assessment on day 4). In addition to receiving loop diuretics, 46% of the participants in the pharmacologictherapy group received treatment with metolazone within the first 7 days, 5% were treated with intravenous vasodilators, and 12% were treated with intravenous inotropic agents before the day 4 assessment.
Ultrafiltration was started a median of 8 hours after random assignment, and the median duration of the treatment was 40 hours (interquartile range, 28 to 67). The primary reasons that ultrafiltration was stopped were the following: the best possible fluid volume was reached (50% of the patients), the creatinine level was increased (16%), difficulties developed with vascular access (9%), and thrombosis of the ultrafiltration The ellipses represent the 95% confidence regions and the stars the exact values for the mean changes in the serum creatinine level and weight at 96 hours in the ultrafiltration group and the pharmacologic-therapy group. Data from two patients who had been randomly assigned to the ultrafiltration group were excluded from the analysis: baseline creatinine measurements were missing for one patient, and all post-baseline creatinine measurements were missing for the other patient. circuit developed (9%). Eight patients (9%) in the ultrafiltration group received intravenous diuretics instead of ultrafiltration, and an additional 28 (30%) received intravenous diuretics after ultrafiltration was stopped and before the 96-hour assessment. A total of 3% of the patients received vasodilators and 3% received intravenous inotropic agents before the day 4 assessment. Randomization, treatment, and follow-up of the patients are shown in Figure S1 in the Supplementary Appendix.
Primary End Point
There was a significant difference between the treatment groups in the bivariate end point of change in weight and change in serum creatinine level 96 hours after enrollment (P = 0.003) ( 
Secondary End Points
The changes from baseline in the creatinine level at 48, 72, and 96 hours and at 60 days differed significantly between the patients in the pharmacologic-therapy group and those in the ultrafiltration group (Fig. 2A) . However, there were no significant differences between the treatment groups at the time of discharge or on day 7, whichever occurred first, or at the 30-day assessment. There were no significant between-group differences in weight at any of the time points (Fig. 2B) . The rate of clinical decongestion at 96 hours was low in the two treatment groups (9% with pharmacologic therapy and 10% with ultrafiltration, P = 0.83) ( Table 2) . Within the first 7 days, there was no significant difference between the groups in the percentage of participants whose condition worsened (with worsening condition defined as death, worsening or persistent heart failure, need for dialysis, or the occurrence of a serious adverse event) or who crossed over to alternate therapy (18% with pharmacologic therapy and 23% with ultrafiltration, P = 0.45) or the change in the furosemide-equivalent dose of diuretics (an increase of 2.2 mg per day in the pharmacologic-therapy group and a decrease of 20.6 mg per day in the ultrafiltration group, P = 0.18). At 96 hours and at day 7 or hospital discharge, there were no significant betweengroup differences in scores on the dyspnea and global well-being visual-analogue scales ( Table 2 ). The total fluid output differed significantly between the two groups on the second day after randomization but not on days 1, 3, or 4 ( 
Serious Adverse Events and Clinical Outcomes
A higher percentage of patients in the ultrafiltration group than in the pharmacologic-therapy group had a serious adverse event over the 60-day period of follow-up (72% vs. 57%, P = 0.03). The higher percentage in the ultrafiltration group was attributable mainly to higher incidences of kidney failure, bleeding complications, and intravenous catheter-related complications (Table 3) . The 60-day estimated mortality was 17% in the ultrafiltration group, as compared with 13% in the pharmacologic-therapy group (P = 0.47) (Fig. S4 in the Supplementary Appendix) . There was no significant difference in the composite rate of death or rehospitalization for heart failure (38% and 35%, respectively; P = 0.96) (Fig. S5 in the Supplementary Appendix) or in the composite rate of death or rehospitalization for any reason (61% and 48%, respectively; P = 0.12) (Fig.  S6 in the Supplementary Appendix).
Discussion
In CARRESS-HF, we compared ultrafiltration with diuretic-based therapy in patients with acute de- compensated heart failure and worsened renal function. The serum creatinine level 96 hours after enrollment was significantly increased in the ultrafiltration group as compared with the pharmacologic-therapy group but the weight loss was not significantly greater. There were also no significant between-group differences in weight loss, mortality, or the rate of hospitalization for heart failure during the 60-day follow-up period. Given the high cost and complexity of ultrafiltration, the use of this technique as performed in the current study does not seem justified for patients hospitalized for acute decompensated heart failure, worsened renal function, and persistent congestion.
The reason for the early rise in the creatinine level in the patients who underwent ultrafiltration is unclear. It is possible that these patients had transient intravascular volume depletion during ultrafiltration. Previous studies examining plasma refill rates in patients with heart failure have shown that rates of volume removal greater than 200 ml per hour, which was the rate used in our trial, are not associated with adverse effects. 14 The duration of ultrafiltration was longer in the present study than it was in other trials, 10,14,15 a fact that may have contributed to the increase in the creatinine level at 96 hours in the patients who received this treatment. At 30 days and at 60 days, the mean creatinine level was below the baseline level in both treatment groups. The lesser reduction in the creatinine level in the ultrafiltration group may be real, but it may also represent a chance finding or an imbalance in baseline features between the two treatment groups, or it may be the result of other events influencing kidney function that may have occurred after the patients' discharge from the hospital.
On the basis of prior studies of the use of ultrafiltration in patients with acute decompensated heart failure, 10, 15, 16 we anticipated that the patients in the ultrafiltration group would lose more weight than would those in the pharmacologic-therapy group. Ultrafiltration was discontinued early owing to multiple reasons other than attainment of a satisfactory fluid volume, a finding that shows the complexity of the use of ultrafiltration in patients with acute decompensated heart failure and the cardiorenal syndrome. Patients in the pharmacologic-therapy group had substantial diuresis as a result of the aggressive use of diuretics and adjuvant therapies.
The rates of death and rehospitalization did not differ significantly between the two treatment strategies, despite the increase in the creatinine level at 96 hours in the ultrafiltration group. Several retrospective studies have shown an association between worsening renal function and poor outcomes. [17] [18] [19] Other trials, however, indicate that the relationships among the degree of clearing of congestion, changes in renal function, and outcomes are less clear. 10, [20] [21] [22] [23] In the Diuretic Optimization Strategies Evaluation (DOSE) trial, worsening renal function in the high-dose furosemide group was not associated with worse outcomes. 20 In the UNLOAD trial, a trend toward worsening renal function and greater weight loss in the ultrafiltration group was associated with a reduction in the rate of hospitalization for heart failure. 10 The relationships among changes in renal function, degree of clearing of congestion, and outcomes in patients with acute decompensated heart failure are complex and require more study. In our trial, the rates of death or rehospitalization at 60 days were very high, showing the need for better therapies for this patient population.
Our study has several limitations. First, although the trial was randomized, the treatment assignments were not blinded, and biases on the part of study investigators may have affected the duration or relative intensity of ultrafiltration and pharmacologic therapy. Second, the safest and most effective rates of fluid removal, the duration of therapy, and the conditions for termination of ultrafiltration are unknown. A different intensity of ultrafiltration might have resulted in more fluid loss in the ultrafiltration group; however, the effect of a different intensity on renal function and outcomes is unknown. Finally, the results of the strategies tested here may not apply to other patient populations with acute decompensated heart failure, such as patients with less severe cardiorenal syndrome. In summary, we conducted a randomized trial involving patients hospitalized for acute decompensated heart failure, worsened renal function, and persistent congestion. We found that the use of a stepped pharmacologic-therapy algorithm was superior to a strategy of ultrafiltration for the preservation of renal function, with the amount of weight loss at 96 hours similar with the two approaches. Ultrafiltration was associated with higher rates of adverse events.
